Multidimensional coherent spectroscopy maps the detuning dependence of the upper (UP) and lower (LP) excitonpolariton branches 1 in a wedged microcavity with a single InGaAs quantum well at 5 K. Features on the diagonal correspond to intra-action coherences of the UP and LP branches. Off-diagonal peaks are interaction coherences between the UP and LP branches. With increasing detuning (Δ), all peaks move to higher energy, the exciton-like (E EX ) and cavity-like (E γ ) modes swap position and have maximum intensity near the anti-crossing at Δ=0. An isolated biexciton (B) is only seen at Δ<0, separated by a binding energy of approximately 2 meV. For Δ>0, the spectral weight of the offdiagonal features swap, as the LP and B come into resonance. This indicates that the off-diagonal features are sensitive to the interactions including two-quantum contributions and that a situation similar to a Feshbach resonance exists.
INTRODUCTION
Semiconductor microcavities supporting exciton polaritons 3, 4 are used in optoelectronic applications [5] [6] [7] and provide a platform for studying exotic coherent physical phenomena. 2, [8] [9] [10] [11] [12] [13] [14] Normal-mode coupling between the cavity mode (γ) and the exciton resonance enhances both the linear and nonlinear optical interactions. 15 Transient four-wave mixing (TFWM) has confirmed that strong exciton-cavity interactions modify the temporal behavior of the coherent response and manybody Coulomb correlations determine the exact dynamics, 16 which affects dissipation 9, 17, 18 and coherent control. 19, 20 Biexciton-polaritons also contribute to the overall emission signal, even though the biexciton binding energy is only slightly altered by the cavity.
Multidimensional coherent spectroscopy (MDCS) is based on, and supersedes, TFWM. At optical frequencies, MDCS has been utilized to study various semiconductor nanostructures. [21] [22] [23] [24] [25] [26] [27] This technique retains both time and frequency resolution, is able to unambiguously distinguish a variety of quantum pathways (including those with non-radiative steps) 28 , and can separate homogeneous and inhomogeneous broadening. 29 To date, two-quantum, and higher order, 30 coherent spectra have shown that many-body interactions dominate the signals, including a contribution from bound biexcitons for excitation with the correct polarization configuration. MDCS has also examined coherence and control of excitonic qubits in microcavity pillars. 31 In this proceeding, MDCS measurements, based on zero-quantum (0Q) and one-quantum (1Q) rephasing, and twoquantum (2Q) non-rephasing pulse sequences (and phase-matching), are acquired for a microcavity with a single InGaAs quantum well. 
EXPERIMENTAL
Pulses from a mode-locked Ti:sapphire oscillator producing 100-fs pulses are fed into a multidimesional optical nonlinear spectrometer (MONSTR) to create and phase control four identical pulses arranged on the corners of a box. 32 As shown in Fig. 1 , three pulses impinge the microcavity sample, which resides in an optical cryostation at the focus and crossing point of the beams. A tracer (Tr) beam is used for alignment and blocked for the TFWM and MDCS measurements. All measurements, besides that of Fig. 2 a, are performed in the third-order nonlinear optical regime, excited with an average irradiance of 4.23 mW/cm 2 . In a third-order perturbation excitation scheme, the signal is generated from interaction by all three excitation pulses. The excitation sequences are shown in the inset of Fig. 1 (a) .
For rephrasing 1Q spectra, the first pulse A* creates a coherent superposition between the ground and excited states, the second pulse B then creates a population in either the ground or excited state, and the third pulse C converts the population into a radiating polarization. B and C are separated by a fixed 100 fs to ensure strict time ordering. This polarization is emitted as a transient TFWM signal in the -k A +k B +k C phase-matching direction, which is collected in transmission mode and directed to a spectrometer and CCD camera. Rephasing 0Q spectra are acquired in the same fashion by scanning the second time period (T). Non-rephasing 2Q spectra uses the pulse sequence B, C, A*, which maintains the direction of detection and alter the phase matching condition to be k B +k C -k A . Now the second time period (T), occurs between pulses C and A* and is scanned to create the 2Q polarization that radiates from a 1Q state after the final pulse A*.
The microcavity sample (denoted NMC73) was grown by molecular beam epitaxy on a GaAs substrate. 3 The mirrors consist of GaAs/AlAs (14.5 and 12 bilayer) distributed Bragg reflectors separated by a wedged λ GaAs cavity, with a cavity mode close to 830 nm. Fig 1 (b) shows the electric field intensity as a function of position within the cavity at Δ=0. In the center of the cavity, at the anti-node of its electric field, is a single 8-nm In 0.04 Ga 0.96 As quantum well. The reflection properties at low temperature (not shown) exhibit the typical normal-mode splitting expected for such a structure. Translating the sample in the beams detunes the cavity mode's energy (E γ ) with respect to the bare exciton's energy (E Ex ). 
RESULTS AND DISCUSSION
Figure 2 (a) shows normalized spectrally resolved four-wave mixing (SR-FWM) for a detuned of +4.8 meV for two excitation irradiances. For low excitation density, the low energy feature is the lower polariton (LP) mode, which is mostly exciton like, strong and narrow. The higher energy feature is the upper polariton (UP) mode, which is mostly cavity like, weaker and broader. The line centers of the modes are plotted in Fig. 2 (b) as a function of detuning (data points), which are fit with a normal-mode coupling model between the cavity and exciton (lines), revealing the wellknown anti-crossing behavior where E VRS ≈ 4 meV and E EX ≈ 1491 meV. Increasing the excitation density, modifies the SR-FWM in Fig. 2(a) , making both features wider and switching the oscillator strengths of the two modes. This behavior is due to increased inhomogeneous broadening and change in the excitonic interactions in the quantum well. MDCS spectra allow for a more detailed description of the system. Figure 3 show rephasing 1Q spectra as a function of cavity detuning. The spectra exhibit lower polariton and upper polariton intra-action (diagonal) features, denoted LP and UP respectively, with their interaction (off-diagonal) features denoted LP-UP and UP-LP. A biexciton (B) feature is visible at Δ < 0, offset from the diagonal UP feature by its binding energy (~2 meV). The location of B, laterally shifted from the UP intra-action feature, confirms the UP peak is more exciton-like at this detuning. The spectral position of the B is illustrated as the grey line in Fig 2 (b) , highlighting its relative position to the LP as a function of Δ.
At zero-detuning, the amplitudes and linewidths of the two diagonal features become more similar to one another. The strong interaction between the cavity and exciton also means that the strength of all four main features increases by an order of magnitude. At positive detuning, the strengths of the features decreases, the cavity and exciton intra-action features switch position, and diagonal features regain distinguishable line shapes. The biexciton feature does not reemerge adjacent to the exciton-like LP intra-action feature. At high irradiance, the exciton-like branch saturates, while the cavity-like polariton continues to grow, which was seen in the low pump intensity SR-FWM shown in Fig. 2 (a) . Integrating the spectra and the individual features allows the relative amplitude of each feature to be tracked as the lightmatter interactions are varied with detuning. The relative amplitude of the four main features extracted over a range of detuning from -7 meV to +5 meV, not shown here, show the following: The cavity-like and exciton-like modes switch across this range. The diagonal features come together, as described above, and there is a fast oscillation of the offdiagonal features at about +2 meV. In the region of the oscillation, the off-diagonal features exchange their relative amplitudes and suggest that there is a term in the polaritonic coupling that is being heavily modified. Comparison of the position of the oscillation to the detuning-dependent anti-crossing, it can be seen that it corresponds to the LP crossing the biexciton resonance, which can be defined by the position of the exciton in the negatively detuned spectrum minus the biexciton binding energy. These results are acquired for collinear (XXXX) polarization, where numerous excitonpolariton and biexciton-polariton pathways are allowed by optical dipole selection rules, hence suggesting that the off diagonal features are highly sensitive to interactions between 1Q and 2Q pathways. The interaction between these pathways is analogous to atomic and molecular transitions coming into resonance in cold atomic systems, which is known as a Feshbach resonance. 2, 33, 34 Measuring additional quantum pathways will facilitate better understanding of the differences between purely bosonic and these mostly bosonic systems. Non-rephasing 2Q spectra allow for disambiguation of the role doubly excited states, such as the biexciton and twopolariton states, play in the third-third order polarization. Figure 4 shows 2Q spectra, at very similar negative detunings recorded with collinear [ Fig. 4 (a) ] and co-circular [ Fig. 4 (b) ] polarization excitation. For collinear excitation, the optical dipole selection rules allow biexcitons and spin pairing of polaritons. As previously seen by Wen et al, these results exhibit pathways from two correlated lower and upper polaritons (LP 2 and UP 2 respectively) and two mixed states consisting of one upper and one lower correlated polaritons, called mixed polaritons (MP 2 ). 30 Two mixed peaks exists because each MP 2 can interfere with the radiation from the 1Q coherences (LP and UP). LP emission is preferred due to many body interactions 35 . Interestingly for the different polarizations, the MP 2 have more relative spectral wright when biexcitons are suppressed, indicating that the presence of biexcitons reduces or distinctly perturbs the polaritonic coupling. For collinear polarized excitation, additional peaks are observed which were not reported by Wen et al. Features B 2ESE and B 2ESA are seen directly below the UP 2 peak, offset by the biexciton binding energy (~ -2 meV). The former is directly under UP 2 and corresponds to a 2Q excited-state emission pathway, meaning that the emission ends in the ground state. The latter is offset along the emission axis as well by the binding energy and corresponds to a 2Q excitedstate absorption pathway, meaning that the emission ends in the UP excited state. 36 Wen et al have a stronger cavityphoton coupling than in this work, exhibiting a vacuum Rabi splitting that is nearly double the 4 meV presented here. Additionally, their work reports spectra at Δ = -1 meV. As seen in 1Q spectra presented in Fig. 2 , the biexciton disappears as the detuning become small and the biexciton overlaps the LP. Due to the conditions in the previous work it therefore unlikely they would have observed clearly isolated biexciton features. Figure 5 shows the rephasing 0Q spectra, acquired at negative (-4.8meV) and near-zero (-0.3 meV) detuning with collinear excitation and low irradiance. Continuing the concept of 2Q and 1Q spectra, the 0Q spectra show transitions that do not directly emit into the signal, but are a result of Raman-like coherences during the mixing time (T), due to coherences between excited state populations. These contributions interfere with the emitted signal and can be extracted by using the rephrasing excitation configuration, but scanning the second time period. Both 0Q spectra in Fig. 5 reveal the feature (RC1) and (RC2) in the more negatively detuned spectra. Asymmetry in the strengths of the two features is observed and can be expected within a model that includes many-body interactions 37 and favoring the lower energy Raman-like coherence. Approaching zero detuning enhances all the spectral features and increases the asymmetry between the Raman-like coherences. The enhancement is commensurate with those observed in all other features as the light-matter interactions increase near Δ = 0. Noted that vertical position of Raman-like coherences is not directly comparable between the spectra, because they are defined by the separation of the LP and UP, which varies with detuning. Feature RC1 increases from approximately 10 % to 35 % of the LP features when approaching zero detuning, while RC2 nearly completely vanishes. This result indicates that for this polarization many-body interactions increase as the light-matter interactions increase.
CONCLUSION
Multidimensional coherent spectroscopy has been used to isolate and map a few of the 0Q, 1Q and 2Q pathways that exist in a semiconductor microcavity. First, the mapping of the detuning-dependent splitting of the exciton polaritons has been shown for collinear polarization, revealing the polaritonic anti-crossing, enhancement of spectral features and a biexciton contribution for negative detuning that becomes a Feshbach resonance as the lower polariton and biexciton interfere. Second, the polarization dependence of 2Q spectra has been shown to control the biexciton contributions, revealing two new quantum pathways for negative detuning and a perturbation in the polaritonic coupling due to the biexciton. Finally, 0Q spectra for two different detuning, show Raman-like coherences that increase in strength and asymmetry close to zero-detuning and indicating that many-body (matter-matter) interactions increase along with the light-matter interactions. This work paves the way for deeper understanding of biexciton interactions and their effect on polaritonic coupling in semiconductor microcavities.
